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Abstract 
In this paper, a mathematical model is proposed for determination of the optimal solution for the maintenance system of 
a specific steel structure – the hydraulic power plant. The aim is to obtain the maximum efficiency of the plant within 
existing conditions and limitations. The objective of a mathematical model is to select the diagnostics parameters, which 
define knowledge of the permissible reliability level and certain analytic expression, which corresponds to precisely 
described state of hydroelectric power plant components assembly. Model of technical diagnostics procedures optimization 
represents a specific approach to problems of preventive maintaining according to state. It is related to the concept of state 
parameters change, which represents a basis for obtaining the optimal solution for procedures of technical diagnostics. It 
also creates direct relations between the law of the state parameter changes and reliability of the considered power plant 
components. 
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1. Introduction 
 
 Optimization of the technical diagnostics procedures is being defined by the strategy of a process of 
establishing the power plant components' condition, providing the plan of active loading and its distribution 
among the components and assemblies. It requires balancing between the long term objectives and short term 
restrictions imposed by possibilities and imprecision of available data on power plant components operation [1-
2]. The optimization methodology of technical diagnostics procedures is being presented by an algorithm and 
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analysis of operation conditions in determination of functioning safety of components and assemblies of a 
power plant. For determination of the optimal safety, the reliability of components operation is considered 
based on number of recorded failures: number (n) of components failures based on their initial conditions and 
analysis of components exploitation operation conditions.  
 
 Mathematical model is used to describe the optimization problem of technical diagnostic procedures and it 
represents an analytical and numerical interpretation of a certain variable or value during the optimization 
process. It also represents an idealized picture of real conditions, as well as of parameters that influence solving 
of certain procedures and problems in operation of the power plant components. The model is establishing the 
connection between the periodicity of control and the technical parameters conditions and it successfully 
applies the analysis of technical diagnostics optimization in providing the desired level of reliability and 
executing the defined working conditions. The model determines the transfer function from the input 
parameters to the output function, which includes model analysis based on obtained spatial curves. 
 
2. Experimental details necessary for modeling 
 
 The two power plants were considered for modeling in this paper: "Vrla-3" at Surdulica and "Djerdap II" at 
Kladovo, both in Serbia. The objective was to determine the general conditions of components of the power 
plants' assemblies, establish their behavior and to make a detailed plan of preventive measures for avoiding 
sudden failures of components [3-5]. The mechanical vibrations were measured on the turbine shaft, then the 
bearings temperature and also the wear of bearing was monitored, in order to determine their reliability. 
 
 By testing of the unexcited aggregate at idling one checks for the engine's misbalance. The shaft's angular 
velocity was recorded in the usual way: at 60, 80, 100, 115 and 130 % of its nominal value. Testing at 
velocities lower than 50 % of the nominal value is not recommended due to poor lubricating conditions of the 
bearings and due to possibility of bearing's surfaces damaging. In the case that the rotor is not well balanced, 
the amplitude of vibrations would change with rotating frequency square, A = f (f2 (t)).  
 
 Based on exploitation data, the extreme values of bearings' working temperatures were established and the 
interval of statistical set was formed (68 °C ≤ Ti ≤ 71 °C). The ranges of safe and optimal and risk operation of 
bearings were established also. Based on those ranges the extreme values of bearings' operating temperatures 
were determined, namely Tminp, and Tminp, as well as the average and optimal values, i.e., Tavp, Toptp. Based on 
determined values of reliabilities: N7(t)p, N8(t)p, N9(t)p, N4(t)p, N6(t)p, correlations can be determined as: K1p =  
N7(t)p·N8(t)p·N9(t)p and K2p = N4(t)p·N6(t)p. The resulting model has included the most significant parameters of 
relating the expression Ai (t) for operating temperature Tmi and clearance values z . Those relations are 
determining the correlations, which are determined in the algorithm for methodology of optimization of the 
power plant technical diagnostics. The model included analysis of submodels 1, 2 and 3 by introducing the 
correlations K1 and K2, while by introducing the values for vibrations amplitudes and frequencies the extreme 
values of the universal optimization equation were determined, namely SK(t)max and SK(t)min, without application 
of the technical diagnostics optimization parameters. The same values were also determined with application of 
the technical diagnostics optimization parameters, as SK(t)maxp, SK(t)minp. 
 
3. Mathematical model for optimization of the technical diagnostics of the power plant components 
operation 
 
 Analysis of the optimal model includes the flow chart methodology for determination of functioning safety  
of the components that constitute the analyzed power plant assemblies. The methodology includes optimization 
of the monitoring system structure and algorithm for constructing the model for determination of the 
diagnostics parameters, Figure 1, [4]. Components are consecutively placed in assemblies, from the turbine's 
324   D. Nikolić et al. /  Procedia Engineering  40 ( 2012 )  322 – 327 
working circuit up to the alarm clock, taking into account their functionality and application, thus the reduction 
of the complex flow charts was executed. The model analysis was done stepwise, first the submodels were 
defined, according to the selected measurements points and then the structure of the flow chart was constructed 
by connecting the submodels in accordance with movement of the power plant constitutive components. The 
flow chart of the reliability model of the analyzed power plant assemblies is executed by reduction of the model 
in obtaining the optimal reliability function, Gp (t), [4]. In Figures 2 and 3 are presented the reliability model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Algorithm for tracking and determination of parameters for the technical diagnostics optimization of the power plant "Vrla-3". 
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block-diagrams of the power plant assemblies' components according to selected measurement points. In both 
diagrams the case is of the open loop automatic control system. 
 
 
 
 
 
 
 
Fig. 2. The reliability model block-diagram of the power plant components; M1 – measurement point of vibrations level of the turbine 
shaft; M2 – measurement point of temperature on bearings; M3 – measurement point of bearings wear. 
 
 
 
 
 
 
 
 
Fig. 3. The reliability model block-diagram of the power plant assemblies' components; M1, M2, M3 – measurement points of vibrations 
levels, power plant "Vrla-3". 
 
 In the following is presented obtaining of reliability functions of individual submodels, according to 
selected measurements points. 
 
 Measurement point 1 includes the following components: turbine leading bearing with reliability N7 and 
angular velocity
7N
Z ; carbon washer (N8, 8NZ ) and working circuit (N9, 9NZ ). The significant is the highest 
angular velocity
9N
Z , while
7 8N N
Z  Z . Temperature functions and reliabilities of individual components are: 
  
   
7 N 8 N 8 N N 7 7 N N7 8 8 7 7 7
N 8 8 N N N 9 9 N N8 8 8 9 9 9
A (t) A (t) A (t) ; M = N (t)A (t) ω ;
M = N (t)A (t) ω ; M = N (t)A (t) ω .
  
                               (1) 
 
The resulting reliability function of this submodel is: 
    73 3 31 7 8 9 7 N N 7 8 9 7 N7 7S (t) = N (t) N (t) N (t) A (t) ω N (t)N (t)N t A (t)    .                 (2) 
 
 Measurement points 2 and 3 include the lower generator's leading bearing N6 (t) and the upper generator's 
leading bearing N4 (t), respectively, [4]. The resulting reliability functions of these two submodels are: 
  2 6 6 N 6 6 N6 6S (t) = N (t) A (t) N (t) A (t)  ;       3 4 4 N N4 4S (t) = N (t) A (t) ω .                        (3) 
 
 The general form of functioning reliability of the power plant components, in terms of vibrations levels at 
selected points, is expressed by the general universal equation for the optimal model: 
 
     η 2 3 1S (t) = 1 1 S (t) S (t) S (t)   ,                                                      (4) 
N1(t) 
N3(t) R1(t) 
N2(t) N5(t) 
N4(t)  N6(t) 
R2(t) 
N7(t) N8(t) 
N9(t) 
+ + + + + + 
M2 
x(t)     + 
M3   M1 
Y(t)   
PN1 PN2 
PR1 PN3 PN4 PN5 PN6 
PN7 PN8 PN9 
PR2 
x(t) y(t) 
M1 PF1(t) 
M2 PF2(t) 
PF3(t) M3 
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thus after substituting the reliability functions of individual measurements points one obtains:  
  
7
3 3 3
η 7 8 9 7 N N 7 8 9 7 N7 7
1
6 6 N N 4 4 N N6 6 4 4
S (t) = N (t) N (t) N (t) A (t) ω N (t)N (t)N (t)A (t)
1 N (t)A (t) ω N (t)A (t) ω

ª º   « »¬ ¼
ª º « »¬ ¼
 .                  (5) 
 
 After some rearranging, and introducing previously defined correlations K1 and K2, one obtains the final 
form of the reliability equation as 
 
                         77
1
2
N2
η N N N 2 N N N N24 6 4 4 6 6
1 7 N7
ω
S (t) = ω ω 1 ω η 1 A (t) A (t)
η A (t)
ª º§ ·« »¨ ¸     « »¨ ¸© ¹¬ ¼
.                  (6)         
 
 Equation of the universal optimization model of temperature changes tracking at selected measurement 
points is given as: 
 
                            
j
i
mi i i
i 1j 1
T T 1T  T F t (T )
F t (T ) 2  
§ ·   ¨ ¸© ¹¦ ,                                                 (7) 
 
where Ti is the average value of the temperature measurements at selected points. 
 Equation of the universal optimization model of components wear changes tracking at selected 
measurement points is given as: 
 
 
i
n 2
sN i max
i=1
z = z z (n 1) ¦ .                                                           (8) 
 
 In order to determine the mutual correlations between the three monitored types of changes, vibrations, 
temperatures and wear (clearances), the matrix equation is formed: 
 
1 mi
(t) 2 η
3 η mi
K 0 T z
K K S (t) z
K S (t) T 0
ª ºª º « »« » « »« » « »« »¬ ¼ ¬ ¼
,                                                       (9) 
 
from which one obtains the final equation for technical diagnostics procedures optimization as: 
 
                                        
22
24 2 2 2 4 i
i i mi 2 it
1 i
ω (t)K = ω (t) 1 ω (t) T z η A t 1
η A (t)
ª º§ ·« »     ¨ ¸« »© ¹¬ ¼
.                              (10) 
 
4. Modeling results and discussion 
 
 In Figure 4 is presented the curve of correlation dependence in 3D space where the axes are individual 
monitored and optimized variables: vibrations levels, temperatures and wear variations, equation (10). By 
introducing the optimization parameters, improving the surfaces' quality and change of the clearances values, 
the amplitude of vibrations was reduced for 11.8 %, what justifies introducing of this parameter into the 
optimization process. By introducing further optimization parameters (reducing the oil recycling interval and 
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constant oil filtering) the range of operating temperatures is kept within interval 59.5 – 65 °C. Achieved 
increase of the functioning safety range of the power plant components, due to introducing the optimization 
parameters of the technical diagnostics procedures, was 42.5 %, what is a significant increase of the power 
plant safe functioning. 
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Fig. 4. The correlation diagram of dependencies of mechanical vibrations, temperature and bearings wear (clearance) with application of 
the optimization of the technical diagnostics procedure 
 
5. Conclusion 
 
 With the presented model of optimization of the technical diagnostics procedure an analysis is performed of 
safety of functioning of the power plants components. Based on this analysis, one can precisely determine time 
period of the safe functioning of the individual assembly or component and can correct the maintenance 
procedures in order to extend the life span of the power plant as a whole. 
 By application of the presented model for optimization of the technical diagnostics procedure of the power 
plant components an increase of 42.5 % of the safe functioning of the plant was achieved. This definitely 
justifies application of this model, especially in planning the preventive maintenance measures for avoiding the 
plant's failure. 
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